ABSTRACT The effects on energy balance and brown adipose tissue thermogenesis of feeding high fat diets of differingfatty acid composition have been investigated in lean and genetically obese (ob/ob) mice. Groups of mice were fed either a low fat diet or a high fat diet based on corn oil or beef tallow for 2 wk. Energy intake and body weight gain were higher in both lean and obese animals fed the high fat diets than in respective mice fed the low fat diets. Carcass energy gain was greater for the obese than for the lean consuming each of the diets. Both lean and obese mice had a higher energy gain when fed the beef tallowdiet than when fed the com oil, despite isoenergetic intakes of the two diets. The thermogenic activityof brown adipose tissue, assessed from measurements of cytochrome oxidase activityand mitochondria! guanosine 5'-diphosphate (GDP) binding, were greater in both lean and obese mice fed the corn oil diet than in those fed the low fat diet. However, GDP binding and cytochrome oxidase activitiesin lean or obese mice fed the beef tallowdiet were not differentfrom those of mice of the same genotype fed the low fat diet. These results indicate that in both lean and obese (ob/ob) mice energy deposition and the stim ulation of brown adipose tissue thermogenesis during the voluntaryhyperphagiainduced by feeding high fat diets are influenced by the fatty acid composition of the diet. A diet rich in polyunsaturated fatty acids appears to result in pref erential stimulation of the thermogenic activity of brown adipose tissue, particularlyin the ob/ob mouse.
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There has been considerable interest in the extent to which the macronutrient composition of the diet may affect thermogenesis and whole-body energy flux, with some recent emphasis on the influence of dietary lipid (1) (2) (3) (4) . Studies on cold-acclimated rats (4, 5) and mice (6) have indicated that feeding high fat diets can spe cifically increase thermogenesis in brown adipose tis sue, an organ now regarded as the major site of heat production by nonshivering mechanisms in small mammals (7, 8) . This stimulatory effect of dietary lipid on thermogenesis in brown adipose tissue of cold-ac climated rodents involves an increase in the activity of the mitochondrial proton conductance pathway (5, 6), which is the major heat-generating mechanism in the tissue (9) .
Recent research in obesity has stimulated a wider interest in brown adipose tissue because animal studies have suggested that the tissue is important in the reg ulation of energy balance (see [10] [11] [12] [13] [14] . Normal rats and mice induced to overeat by feeding a "cafeteria" diet may resist the development of obesity by exhibiting a compensatory increase in energy expenditure. This phenomenon, generally termed diet-induced thermo genesis, is associated with a large increase in the ther mogenic activity of brown adipose tissue (13) (14) (15) . Conversely, brown adipose tissue thermogenesis is ab normally low in several different types of obese animal (see [10] [11] [12] .
One of the most widely used animals in obesity re search is the genetically obese [ob/ob] mouse. After 4 wk of age this mutant becomes hyperphagic (16), yet exhibits a low level of thermogenic activity in brown adipose tissue, the activity being unaffected by the in-creased energy intake (17) . This implies that the mu tant has a defective capacity for diet-induced thermogenesis. Indeed, in some studies ob/ob mice fed a cafeteria diet have been reported to exhibit a reduced dietary stimulation of energy expenditure, together with a fail ure to show the full adaptive increases in brown adipose tissue thermogenesis that occur in lean mice (18) . In other studies, however, a large activation of brown adi pose tissue thermogenesis has been recorded in ob/ob mice fed a cafeteria diet (19) .
Although most cafeteria diets are high in fat, a dis advantage of the cafeteria feeding regimen is the dif ficulty in accurately defining the nutrient composition of the diet, this being influenced both by the types of food items presented to the animals and by individual preferences for certain foods. Thus the influence of dif ferent dietary components, rather than hyperphagia per se, is difficult to assess, although attempts have been made to overcome this problem by feeding cafeteria diets of different gross nutrient composition (3, 20) . In the present study we fed lean and obese (ob/ob] mice high fat diets of defined composition and compared the response by reference to a low fat/high carbohydrate diet. The aim of the study was to assess the influence of different dietary lipids on energy balance and brown adipose tissue thermogenesis in the two types of ani mal.
MATERIALS AND METHODS

Animals and diets. The animals used in this study
were male lean (obi+ or +/ + ) and genetically obese (ob/ob] mice from a colony bred at the Dunn Nutrition Laboratory in which the ob gene is on the "Aston" background (21) . Lean and obese littermates were taken at 40-47 d of age and caged individually in wire-mesh cages. They were fed either a low fat diet (3.4% wt/wt fat) or a high fat diet (20% wt/wt fat) containing corn oil or beef tallow. Food and water were available ad libitum, and the animals were maintained at a tem perature of 22 Â± 1Â°C with a 12 h light-dark cycle (lights on at 0700 h).
The low fat-high carbohydrate nonpurified diet (Spillers-Spratt Rodent Breeding Diet 1, Spratts Patent, Barking, Essex, U.K.) was identical to that used previ ously (6) and had the following gross composition (wt/ wt: 21.3% protein (29.1% of total energy), 3.4% fat (10.6% of total energy), 41.8% starch and 2.8% sucrose (60.3% of total energy as carbohydrate). The high fat diets were also prepared as previously (6, 22) : 200 g fat (corn oil or beef tallow), 100 g casein and 0.1 g vitamin E were mixed with 700 g of the low fat nonpurified diet. In the high fat diets, protein, fat and carbohydrate accounted for 23.4, 47.7 and 28.9% of total energy, re spectively. Corn oil contains predominantly polyunsaturated fatty acids and has a linoleic (C18:2) acid content of approximately 60% (with 26% C18:l). Beef tallow is rich in saturated and monounsaturated fatty acids and has the following fatty acid composition: 41% C18:l, 19% C18:0 and 30% C16:0 + C16:l (21) .
Energy balance measurements. The mice were fed the experimental diets for 2 wk and food intake was measured over the entire period, corrections being made for spillage. Total fecal output was collected and sam ples taken for the determination of digestible energy intake (gross energy intake minus fecal energy). Metabolizable energy (ME) intake was calculated as 0.96 x digestible energy intake (23) . At the end of the 2-wk experimental period the mice were killed by cervical dislocation and the carcasses (entire animal, minus the gut contents and the interscapular plus subscapular brown adipose tissue) softened by autoclaving. Follow ing this they were homogenized and freeze-dried to con stant weight without further processing.
The gross energy content of the dried carcasses, feces and diets was determined by bomb calorimetry, using a Gallenkamp adiabatic calorimeter (Gallenkamp, Lon don, U.K.) calibrated with dry benzoic acid standards. The initial body energy was estimated from regression lines constructed from the carcass energy content of a group of eight pairs of male lean and obese littermates that were similar in age and weight range to the ex perimental animals at the start of the study.
Measurement of the thermogenic activity of brown adipose tissue. At the end of the 2-wk period of feeding the different diets, brown adipose tissue was removed from the interscapular and subscapular sites and cleared of adhering white adipose tissue. The tissue was weighed and homogenized and cytochrome oxidase activity was measured spectrophotometrically (24) . The total pro tein content of the brown adipose tissue depots was determined by a modified Lowry procedure (25) .
Mitochondria were isolated from brown adipose tis sue (26) , and guanosine 5'-diphosphate (GDP) binding was measured by incubating the mitochondria with 10 (JIM[3H]GDP for 7 min at room temperature, as previ ously described (6, 26) .
Statistical analysis. The statistical significance of differences between groups was assessed using Stu dent's Â£-test.
RESULTS
Energy balance. In the lean mice, ME intake was higher in those fed the high fat diets than in those fed the low fat diet, and both body weight and carcass en ergy gain were significantly elevated on the high fat diets (Tables 1 and 2 ). However, carcass energy gain was higher in the lean mice fed the beef tallow diet than in lean animals fed the corn oil diet, despite the fact that the ME intake tended to be slightly lower in the former group than in the latter.
Carcass energy content was over threefold higher in the obese mice than in the lean animals at the start of Values are means Â±SEM.n = 7 except for obese mice fed the corn oil diet. Lean and obese (ob/ob) mice were fed the low fat diet or one of the high fat diets for 2 wk at 22Â°C. Food intake was measured, with corrections for spillage, over the entire experimental period, and total fecal output was collected. 'P < 0.05, tP < 0.01, *P < 0.001 compared with lean mice fed the same diet. "P < 0.05, bP < 0.01, CP < 0.001 compared with mice of the same genotype fed the low fat diet. *P < 0.05 compared with mice of the same genotype fed the corn oil diet. For full experimental details see the text. the experiment. Carcass energy gain and body weight gain over the experimental period were also consider ably greater in the obese than in the lean (Tables 1 and  2 ). ME intake was higher in all the groups of ob/ob mice than in the lean littermates. The intake of obese mice fed the low fat diet was 146%, fed the corn oil diet was 165% and fed the beef tallow diet was 177% of that of lean mice.
Carcass energy gain was significantly higher in the ob/ob mice fed the high fat diets than in the obese animals fed the low fat diet and was higher in the group fed beef tallow than in the group fed the corn oil diet. The difference in carcass energy retention between the groups of ob/ob mice fed the high fat diets cannot be ascribed to differences in energy intake, because ME intake was virtually identical in these two diet groups (Table 2) . Gross efficiency (kj gain/kj ME intake) was significantly higher in lean and obese mice fed the beef tallow diet than in those given the corn oil diet (Table  2) .
From the measurements of energy intake and energy storage, the "apparent" energy expenditure of individ ual animals was calculated ( Table 2 ). Apparent energy expenditure tended to be higher in the lean mice fed the corn oil diet than in the lean animals fed either the beef tallow diet or the low fat diet, although these dif ferences were not statistically significant (P > 0.05). In the obese mice, the apparent energy expenditure was significantly higher in both the high fat dietary groups than in the low fat group. However, expenditure was higher in mice fed the corn oil diet than in those fed the beef tallow diet, despite the similar levels of energy intake in these two groups of obese mice.
The absolute increases in ME intake, carcass energy gain and apparent energy expenditure of the animals fed the high fat diets (above the levels of the same genotype fed the low fat diet) are shown in Table 3 . Lean mice fed the corn oil diet had an ME intake 25% more than that of the lean animals fed the low fat diet, but only 18% of this extra intake was deposited. In contrast, lean mice fed the beef tallow diet deposited 77% of their "excess" energy intake. In the obese mu tants, as in the lean animals, excess energy intake of mice fed the corn oil diet was very similar to that of Â±1. !*â€¢"â€¢*"1466 Â±49*-a-* 'Lean and obese [ob/ob] mice were fed the diets for 2 wk at 23Â°C, as described in Table 1 . Initial body energy was calculated from regression lines constructed from the energy content of lean and obese mice similar in initial age and weight range to the experimental animals. Final body energy was measured directly. Apparent energy expenditure was calculated from ME intake minus body energy gain. The results are given as mean values Â±SEM,with the number of animals in parentheses. 'P < 0.05, tP < 0.01, *P < 0.001 compared with lean mice fed the same diet. 'P < 0.05, bP < 0.01, CP < 0.001 compared with mice of the same genotype fed the low fat diet. *P < 0.05, * *P < 0.01, * * *P < 0.001 compared with mice of the same genotype fed the corn oil diet. 'As compared with mice of the same genotype fed the low fat diet. Values shown are calculated from the data in Table 2. those fed the tallow diet. However, in the ob/ob mice fed the corn oil diet only 31 % of this extra intake was deposited, whereas 56% was deposited in the obese fed the beef tallow diet.
Thermogenesis in brown adipose tissue. The amount of brown adipose tissue (interscapular + subscapular) in the lean mice fed the corn oil diet was not different from that of mice fed the low fat diet, whereas mice fed the beef tallow diet had significantly more of the tissue (Table 4 ). This increase in tissue weight presum ably reflects differences in lipid content since the total protein content was unaffected by dietary manipula tion. In the obese mice, the amount of brown adipose tissue was significantly less in mice fed the high fat diets than in those fed the low fat diet, and this was more pronounced in mice fed the corn oil diet than in those fed beef tallow. Again, these changes are likely to reflect alterations in the fat content of the tissue since the total brown fat protein of mice fed the high fat diets was not lower than that of mice fed the low fat diet. Indeed, it was substantially higher in the obi ob mice fed the corn oil diet, suggesting functional growth of the tissue in this group.
The total cytochrome oxidase activity in the tissue, an index of mitochondrial mass, is shown in Table 4 . Cytochrome oxidase activity was lower in the ob/ob mice fed the low fat diet or the beef tallow diet than in lean littermates fed the same diet. However, the obese mice fed the com oil diet exhibited a twofold increase in activity relative to the other groups of obese animals. Lean mice fed the corn oil diet also had sig nificantly higher cytochrome oxidase activity than lean mice fed either of the other two diets. Thus, in both genotypes, feeding a corn oil diet resulted in a sub stantially greater mitochondrial mass and oxidative ca pacity of brown adipose tissue.
GDP-binding studies were performed on isolated brown adipose tissue mitochondria to assess the activ ity of the proton conductance pathway (Table 4) . Spe cific GDP binding, expressed per milligram of mito chondrial protein, was not significantly influenced by dietary treatment in the lean mice, although on a wholetissue basis the overall level of binding would be higher in the lean fed the corn oil diet than in the lean fed the other diets, as a consequence of the greater mitochon drial mass in these animals. In the obese mice, GDP binding was 186% higher in the corn oil group than in the obese group fed the low fat diet. Binding tended to be slightly higher in the obese fed the beef tallow diet than in the obese fed the low fat diet, but the difference was not statistically significant. 'Lean and obese mice were fed the different diets for 2 wk at 23Â°C, as in Table 1 . Brown adipose tissue was obtained from the interscapular and subscapular sites and pooled. Results are given as mean values Â±SEM,with the number of animals in parentheses. *P < 0.05, *P < 0.001 compared with lean mice fed the same diet. *P < 0.05, bP < 0.01, CP < 0.001 compared with mice of the same genotype fed the low fat diet. +P < 0.05, * *P < 0.01, * + *P < 0.001 compared with mice of the same genotype fed the corn oil diet. 
DISCUSSION
The present study has investigated the effects of two high fat diets of differing fatty acid composition on energy balance and indices of brown adipose tissue thermogenesis in lean and obese (ob/ob) mice. From the measurement of ME intake and carcass energy dep osition, the results suggest that energy expenditure is stimulated more by a high fat diet based on corn oil, with its high level of polyunsaturated fatty acids, than by a high fat diet containing saturated and monounsaturated fatty acids (beef tallow). This differential re sponse to dietary lipid composition was apparent in both lean and obese genotypes, although it was more pronounced in the lean animals. Only 18% of the ex cess energy intake of the lean mice fed the corn oil diet was retained in the carcass, compared with 77% in the lean fed the beef tallow diet, despite essentially isoenergetic intakes of the two diets. In the obese mice, less than a third of the extra energy intake was retained when the corn oil diet was fed compared with more than half when the beef tallow diet was fed. It should be emphasized that direct comparisons between the lean and obese animals in the present study are difficult because the obese were hyperphagic when fed each diet.
The differential response in both lean and obese ani mals to voluntary overfeeding when consuming high fat diets of differing composition suggests that some of the reported variability in the extent to which diet-induced thermogenesis is stimulated when cafeteria diets are fed (14, 23) may well be related to differences in the fatty acid composition of the particular diets selected. This factor would be in addition to other recognized variables, such as the strain and age of the animals (14, 27).
The energy cost of storage of the extra energy intake may account for some of the higher energy expenditure by animals fed the high fat diets, but this is unlikely to explain the differences in energy deposition between the corn oil and beef tallow groups. Even assuming that all of the extra energy deposited in the animals fed the high fat diets resulted from the de novo synthesis of fatty acidsâ€"which is unlikely since high fat diets suppress whole-body lipogenesis in rats and mice (21, 28) â€"this would account for only 8 and 16%, respectively, of the extra energy expenditure for lean and obese mice (con suming the corn oil diet), on the assumption that the energy cost of fat deposition is 0.36 kj/kj fat deposited (29) . In the group receiving the beef tallow diet the cost of fat synthesis from carbohydrate could account for some 47% of the extra energy expended in the obese mice and all of the extra expenditure of the lean animals. These estimates are based on multiplying the "extra" energy deposited for each group by the energy cost of fat deposition from carbohydrate.
These calculations also assume that the excess en ergy deposited in mice fed the high fat diets was in the form of fat rather than protein. Although nitrogen bal ance was not measured in the present study, an indi cation of the composition of the extra energy retained can be seen from the energy density of the weight gained. The theoretical limits for energy gain are approxi mately 5 kj/g for a gain consisting entirely of wellhydrated lean tissue and 33 kj/g when the gain is es sentially white adipose tissue (see 20) . In the present study the average densities of weight gain were 21, 26 and 30 kj/g wt gain for lean mice fed the low fat diet, corn oil diet and beef tallow diet, respectively. In the ob/ob mice the corresponding values were 33, 30 and 31 kj/g wt gain. These values indicate that the predom inant form of the extra energy stored was fat. In par ticular, the high and almost identical energy densities in the ob/ob animals fed the two high fat diets would discount differences in protein deposition as being of major significance in the large difference in energy re tention observed between these two groups of obese mice.
Thus, even allowing for generous estimates of the cost of fat deposition, there is clear evidence of a stim ulatory influence of the corn oil diet on energy ex penditure in both lean and obese mice. In general terms, these diet-induced changes in whole-body energy ex penditure were accompanied by similar changes in the thermogenic properties of brown adipose tissue. The total thermogenic activity of the tissue, which is a func tion of both the specific activity of the proton con ductance pathway per milligram of mitochondrial pro tein and the total mitochondrial mass, was enhanced in the mice fed the corn oil diet with the obese mutants showing the largest increase. This group also showed the largest energy "gap" between intake and storage, consistent with a significantly higher energy expendi ture when fed the corn oil diet. Lean mice fed the beef tallow diet showed no evidence of stimulation of dietinduced thermogenesis and exhibited no activation of brown adipose tissue. Obese animals fed the beef tallow diet showed a small augmentation in the activity of the proton conductance pathway, as indicated by the GDP binding values, but their cytochrome oxidase ac tivity was not higher.
In relating these changes in brown adipose tissue to overall energy balance it should be emphasized that energy balance measurements assess the net change in energy deposition over the entire experimental period, whereas measurements on brown adipose tissue reflect the activity of the tissue at the termination of the ex periment. Although total mitochondrial mass would not be expected to fluctuate greatly on a day-to-day basis, the activity of the proton conductance pathway does exhibit a distinct circadian rhythm (30) . Thus the precise stoichiometry of the thermogenic activity of brown adipose tissue and whole-body energy flux can not be clearly defined in the present study. It should also be emphasized that thermogenic mechanisms other than those associated with brown adipose tissue could be activated differentially in animals consuming the two high fat diets.
Previous work on ob/ob mice of the Aston strain with a cafeteria feeding regimen indicated a defective acti vation of diet-induced thermogenesis, associated with a failure to exhibit the full adaptive changes in the thermogenic activity of brown adipose tissue observed in lean animals (18) . Interestingly, the cafeteria-fed ob/ob mice retained some 55% of their extra energy intake, a value that is almost identical to that of the mutants fed the beef tallow diet in the present work. The obese mice fed the corn oil diet in the present study did, however, show adaptive changes in the thermogenic activity of brown adipose tissue, and they retained only 31% of their extra energy intake. Thus differences in the level of polyunsaturated fatty acids in the diet may be of cru cial importance in determining the extent to which vol untary hyperphagia activates thermogenesis in obese as well as in lean animals. Variations in the fatty acid com position of the diet may well explain the reported dif ferences in the stimulation of brown adipose tissue ther mogenesis in ob/ob mice fed cafeteria diets (18, 19) .
It is noteworthy that the thermogenic activity of brown adipose tissue in obese mice fed the com oil diet (the obese group with the highest activity) was at the same level as that of lean controls fed the low fat diet, despite the fact that energy intake was more than 100% higher in the former group. Thus, although altering the fatty acid composition of the diet appears to influence the extent to which diet-induced thermogenesis in brown adipose tissue is stimulated in ob/ob mice, the basic defective response to overfeeding still persists. Studies using different nonmutant strains of animals have clearly demonstrated that there are marked genetic differences in the extent to which obesity develops when feeding high fat diets (31) and the degree to which diet-induced thermogenesis is stimulated by overfeeding (27) .
The mechanisms involved in the activation of brown adipose tissue by feeding a diet containing high levels of corn oil are unknown. In view of the importance of catecholamines in the activation and hypertrophy of the tissue (32) , one explanation may be that dietary polyun saturated fatty acids lead to stronger stimulation of the sympathetic nervous system than do saturated fatty acids. A second explanation is related to a possible direct in fluence of dietary polyunsaturated fatty acids on brown adipose tissue. Linoleic acid may be preferentially chan neled toward brown adipose tissue (33) , leading to in creased uncoupling of respiration through the acute ef fects of fatty acids on activation of the proton conductance pathway (34, 35) . Such a mechanism would, however, imply poor control of thermogenesis.
A third possible explanation of the present results involves the influence of dietary fats on membrane fatty acid composition (36) . Changing the level of polyun saturated fatty acids in the diet appears to modify mem brane functions, such as receptor-enzyme coupling (37, 38) and hormone sensitivity (39) . The ob/ob mice fed a low fat-high carbohydrate diet have defective cou pling between the ÃŸ-adrenoceptor and adenylate cyclase in the plasma membrane of the brown adipocyte (40), but chronic feeding of a diet rich in corn oil appears to correct this abnormality (41) . That is, a high dietary intake of polyunsaturated fatty acids appears to have important effects on the "tightness of coupling" be tween these two membrane components, presumably via a change in plasma membrane lipid composition.
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